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The pathogenesis of Huntington’s disease (HD) remains elusive.
The identification of increasingly early pathophysiological abnor-
malities in HD suggests the possibility that impairments of striatal
medium spiny neuron (MSN) specification and maturation may
underlie the etiology of HD. In fact, we demonstrate that HD
knock-in (Hdh-Q111) mice exhibited delayed acquisition of early
striatal cytoarchitecture with aberrant expression of progressive
markers of MSN neurogenesis (Islet1, DARPP-32, mGluR1, and
NeuN). Hdh-Q111 striatal progenitors also displayed delayed cell
cycle exit between E13.5–15.5 (BrdU birth-dating) and an enhanced
fraction of abnormal cycling cells in association with expansion of
the pool of intermediate progenitors and over expression of the
core pluripotency (PP) factor, Sox2. Clonal analysis further revealed
that Hdh-Q111 neural stem cells (NSCs) displayed: impaired lineage
restriction, reduced proliferative potential, enhanced late-stage
self-renewal, and deregulated MSN subtype specification. Further,
our analysis revealed that in addition to Sox2, the core PP factor,
Nanog is expressed within the striatal generative and mantle
regions, and in Hdh-Q111 embryos the fraction of Nanog-expressing
MSN precursors was substantially increased. Moreover, compared
to Hdh-Q18 embryos, the Hdh-Q111 striatal anlagen exhibited
significantly higher levels of the essential PP cofactor, Stat3. These
findings suggest that Sox2 and Nanog may play roles during a
selective window of embryonic brain maturation, and alterations
of these factors may, in part, be responsible for mediating the
aberrant program of Hdh-Q111 striatal MSN specification and
maturation. We propose that these HD-associated developmental
abnormalities might compromise neuronal homeostasis and sub-
sequently render MSNs more vulnerable to late life stressors.

development � huntingtin � medium spiny neurons � neurodegeneration

Huntington’s disease (HD) is caused by mutation in exon 1 of
the gene that codes for huntingtin (Htt) (1). Although Htt

is pan-neuronal (2), pathological changes in HD are selective,
targeting mainly medium spiny neurons (MSNs) of the striatum
(3). Research initiatives in pathological brain aging have tradi-
tionally focused on defining biological processes mediating
neuronal dysfunction and death during adult life. However, there
is increasing evidence that Htt has selective functions in the
developing striatum (4, 5), suggesting that the nexus of HD
pathogenesis may occur at earlier time periods. Accordingly,
some reports have proposed that failure of normal brain devel-
opment may lead to altered neuronal homeostasis and increased
cellular vulnerability to late life stressors (6). In fact, cumulative
reports set the beginning of abnormalities in HD before the
occurrence of cell death and motor abnormalities (7–11). Some
models even place the beginning of the disease at birth (12),
when striatal neurogenesis is still occurring. Htt interacts with a
wide spectrum of developmental factors and the mutation may
compromise a subset of its functions resulting in subtle devel-
opmental defects that may have been overlooked. We therefore

hypothesize that the HD mutation causes early molecular and
cellular alterations that compromise the specification and mat-
uration of MSNs and acquisition of the mature striatal chemo-
architecture. Our findings reveal that HD knock-in mice exhib-
ited a series of developmental defects in striatal NSC-mediated
MSN neurogenesis, from the stages of NSC maintenance and
incipient MSN lineage specification to progressive neuronal
maturation. Moreover, these HD-associated developmental def-
icits are linked to corresponding alterations in the deployment of
the core PP factors, Sox2, and Nanog during sequential phases
of striatal NSC maintenance and lineage restriction, and MSN
lineage specification and maturation, thereby suggesting inno-
vative molecular targets for therapeutic initiatives involving stem
cell reprogramming.

Results
Impairment in Progressive Maturation of Striatal Medium Spiny
Neurons and Deregulation of the Striatal Chemoarchitecture in Hdh-
Q111 Mice. To define the maturational state of the striatum at
E17.5, we examined the profiles of expression of markers of MSN
specification and maturation (Islet1, �-tubulin, DARPP32,
mGluR1, and NeuN). Compared to Hdh-Q18 embryos, expres-
sion of Islet1 and �-tubulin in paramedian germinative areas was
substantially reduced in Hdh-Q111 embryos (Fig. 1 A–B and
F–G, arrowheads). Further, in contrast to the patchy distribution
of DARPP32 in the Hdh-Q18 striatum, DARPP32 was diffusely
expressed throughout the Hdh-Q111 striatum (Fig. 1 C and H,
arrows). Moreover, the Hdh-Q111 subcallosal streak, a murine
subcompartment of the striosome, lacked the typical thin cres-
cent moon shape, and instead appeared thickened and poorly
defined (Fig. 1 C and H, arrowheads). Likewise, mGluR1 did not
display the patchy distribution normally observed at this time
(Fig. 1 D and I, arrowheads), and expression of NeuN was
notably reduced in Hdh-Q111 embryos (Fig. 1 E and J). Con-
versely, at postnatal day 2 (PND2), the Hdh-Q111 striatum
exhibited the expected striosome profile defined by patchy
expression of �-opioid receptor 1 (MOR1) (Fig. S1 A and C,
arrowheads). In addition, expression of calbindin (CB), a matrix
maturation marker, although detected in both models at PND7,
did not display the typical CB mosaic pattern in the Hdh-Q111
model (Fig. S1 B and D, arrowheads). These findings reveal
impairments in the acquisition of the cytoarchitecture of striatal
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subcompartments, therefore suggesting abnormalities in Hdh-
Q111 MSN specification.

Defects of Striatal MSN Lineage Elaboration and Cell Cycle Progres-
sion in Hdh-Q111 Mice. To further examine striatal lineage spec-
ification, we next defined the temporal profiles of cell cycle exit

of neural progenitors by BrdU birth-dating paradigms (Fig. 2).
Compared to the Hdh-Q18 model, Hdh-Q111 embryos displayed
significantly lower numbers of striatal BrdU� cells between
E13.5 and E14.5 (Fig. 2 A). Conversely, by E15.5 a higher number
of Hdh-Q111 striatal neural species had exited the cell cycle.
These cells were abnormally retained in the striatal subventricu-
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Fig. 1. Comparative immunofluorescence micrographs of the E17.5 striatum revealed impaired acquisition of the Hdh-Q111 striatal cytoarchitecture.
Compared to Hdh-Q18 embryos, the expression of Islet1 (A and F) and �-tubulin (C and H) were reduced in the Hdh-Q111 striatal germinative region (arrowheads).
DARPP32 expression in the Hdh-Q111 striatum was also poorly organized in patch clusters (C and H, arrows) and the subcallosal streak appeared to be immature
(arrowheads). Hdh-Q111 embryos failed to exhibit the patchy distribution of mGluR1 (D and I, arrowheads) and NeuN expression was visibly reduced (E and J).
(Scale bar, 200 �m.)
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Fig. 2. Hdh-Q111 embryos display abnormal profiles of striatal neurogenesis and cell cycle progression. BrdU birth-dating analysis was performed using BrdU
pulse administration at different developmental intervals (from E11.5 through E15.5), and brains were then harvested at E17.5 (A and F). Striatal BrdU� cells
(A) and BrdU�/DARPP32� (F) cells were quantified and the mean � SEM. of at least three independent biological replicas represented. *, all P values correspond
to �0.05. The number of Hdh-Q111 cells born between E13.5 and E14.5 was significantly reduced, whereas the number of Hdh-Q111 neurons born at E15.5 was
significantly increased when compared with Hdh-Q18 profiles. (B and G) Illustrate representative samples of E15.5 BrdU birth-dating. The presence of E14.5
striatal cells in S-phase were assessed by BrdU pulse labeling followed by embryo harvesting 30 min later (C and H). Equivalent profiles of BrdU� cells, both
negative and positive for �-tubulin were observed between Hdh-Q18 and Hdh-Q111 embryos. Profiles of expression of striatal Ki67 (D and I) and Sox2/Mash1
(E and J) were assessed by immunostaining at E14.5. Both Ki67 and Sox2 expression were enhanced in Hdh-Q111 embryos. (Scale bar, 500 �m in G and 200 �m
in J.)
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lar and intermediate zones (SVZ and IZ) (Fig. 2 B and G) and
few of them coexpressed DARPP32 (Fig. 2F).

To define the nature of the changes in striatal birth-dating, we
assessed the profiles of S-phase cells by BrdU pulse administra-
tion at E14.5. There were comparable patterns of BrdU� cells,
both positive and negative for �-tubulin, in Hdh-Q18 and
Hdh-Q111 embryos, thus indicating that the complement of cells
in S-phase was unchanged between models (Fig. 2 C and H).
However, Hdh-Q111 embryos displayed higher numbers of
Ki67� cells (Fig. 2 D and I), suggesting that a greater fraction
of these cells are in an active cell cycle state. Interestingly, at
E15.5 the number of RC2� radial glial intermediate progenitors
was significantly higher in Hdh-Q111 than in Hdh-Q18 embryos
(3.5 vs. 6.8% for Hdh-Q18 and Hdh-Q111 respectively; P �
0.0069) (Fig. S2 A), in the absence of differences in the number
of nestin�/RC2- cells. Despite the overall increase in RC2
immunoreactivity in Hdh-Q111 embryos, the expression of this
marker in the medial aspect of the ventricular zone (VZ) of the
ventral telencephalon was noticeably reduced (Fig. S2 B and C,
arrowheads). Moreover, at this embryonic stage, electron mi-
croscopic analysis revealed that the number of cells in the
Hdh-Q111 VZ exhibiting the typical radial glial morphology
(Fig. S2D, asterisk) was substantially reduced and replaced by an
abnormal population of rounded cells some with irregular and
deeply invaginated nuclei (Fig. S2E, asterisk). These findings
suggest that changes in cell cycle parameters previously observed
are associated with abnormalities in the deployment of Hdh-
Q111 radial glial intermediate progenitors.

To further define the abnormalities of Hdh-Q111 striatal
intermediate progenitor cell cycle regulation and neuronal spec-
ification, we studied the profiles of expression of Sox2, a key
regulator of neural stem and progenitor cell cycle progression
and neurogenesis and Mash1, a seminal proneural factor of the
ventral telencephalon at E14.5. We observed that the number of
Sox2� cells within the VZ/SVZ and IZ regions was higher in the
Hdh-Q111 model, and many Sox2� cells coexpressed Mash1
(Fig. 2 E and J). These results suggest that deregulation of Sox2
and Mash1 may be implicated in the abnormal program of
Hdh-Q111 striatal neuronal lineage specification.

Complementary embryonic birth-dating experiments were
used to further examine the profiles of striatal neurogenesis
defined at PND2 (S3). In contrast to the more dorsal distribution
of Hdh-Q18 striatal neurogenesis at E15.5, Hdh-Q111 cellular
species were distributed throughout the striatum (Fig. S3 E
arrowheads and F, respectively). Moreover, compared to Hdh-
Q18 embryos, a substantially lower number of cells were elab-
orated between E16.5 and E17.5 in Hdh-Q111 embryos (Fig. S3
G–J). Paradoxically, at E18.5 Hdh-Q111 embryos displayed
enhanced elaboration of striatal cells (Fig. S3 K and L). These
data provide additional evidence for alterations in the tempo-
rospatial profiles of Hdh-Q111 striatal neurogenesis.

Striatal Hdh-Q111 Neural Stem Cell Species Exhibited Reduced Pro-
liferation Potential, Enhanced Late-Stage Self-Renewal, Impaired
Neural Lineage Restriction, and Abnormal MSN Subtype Specification.
We next used in vitro clonal expansion and differentiation assays
to determine the identity and functional properties of early
(E12.5) and late (E17.5) embryonic striatal stem and progenitor
species that give rise to MSN subtypes (Fig. 3). At both embry-
onic stages, Hdh-Q111 primary clones were significantly smaller
than -Q18 clones (Fig. 3A) and their smaller size was not a
consequence of enhanced cell death. Indeed E12.5 Hdh-Q111
clones showed fewer TUNEL positive cells, suggesting that the
reduction in Hdh-Q111 clonal size was a consequence of changes
in clonal proliferation (Fig. S4). The number of E17.5 Hdh-Q111
secondary clones was increased, compared to Hdh-Q18 clones
(Fig. 3B), indicating enhanced late-stage Hdh-Q111 NSC self-
renewal. Clonal differentiation assays at E12.5 demonstrated

that twice the number of Hdh-Q111 MSNs originated from
multipotent clones, whereas Hdh-Q18 MSNs were predomi-
nantly derived from unipotent clones (Fig. 3 C and D). Con-
versely, at E17.5 no differences were observed in the fraction of
MSNs originating from multipotent clones (Fig. 3D). However,
in contrast to Hdh-Q18 clones, a substantial number of Hdh-
Q111 MSNs also originated from unipotent clones. These find-
ings suggest the presence of stage-specific developmental im-
pairments in Hdh-Q111 NSC maintenance and lineage
restriction. The observation that MOR1� and CB� MSN
subtypes are elaborated from individual clones at both E12.5 and
E17.5 strongly suggest that striosome and matrix MSNs are
generated from a common NSC (Fig. 3 E and F). The clonal
analysis also revealed that the overall fraction of MOR1� cells
generated from early clones and both MOR1� and CB� cells
generated from late clones were significantly reduced in the
Hdh-Q111 model (Fig. 3 E and F), further supporting the
existence of defects in Hdh-Q111 MSN subtype specification.

Deregulation of Key Members of the PP Factor Network During
Hdh-Q111 Embryonic Striatal Development. Alterations of Sox2 at
E14.5 prompted us to also examine Sox2 expression at embry-
onic stages associated with striosome and matrix MSN specifi-

Fig. 3. Hdh-Q111 neural stem and progenitor cell species exhibit reduced
proliferation potential, enhanced late-stage self-renewal and impaired gen-
eration of MSN subtypes. Clonal expansion assays revealed reduced mean size
of E12.5 and E17.5 Hdh-Q111 primary clones (A), while stem cell self-renewal
was enhanced in Hdh-Q111 secondary clones at E17.5 (B). The lineage com-
position of clones that give rise to MSNs (DARPP32� cells) (C and D) was
examined by quantifying the proportion of clones that expressed three (mul-
tipotent), two (bipotent) or one (unipotent) neural lineage markers: �-tubu-
lin, O4, and GFAP. Hdh-Q111 MSNs originated predominantly from multipo-
tent clones at E12.5 (C), whereas a substantial fraction of these cells originated
from unipotent clones at E17.5 (D). Compared to the Hdh-Q18 model, the
fractions of MOR1� cells generated from early clones (E) and of both MOR1�
and CB� cells generated from late clones (F) were significantly reduced in the
Hdh-Q111 model. Bars in A–F represent the mean � SEM. of at least four
independent biological replicas; *, all P values correspond to �0.05.
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cation (E12.5, E17.5, respectively). At E12.5, Sox2 expression
was mostly localized to germinative zones of both models.
However, scattered cells expressing low levels of Sox2 were also
observed in the Hdh-Q18 mantle (Fig. 4 D and H). Immunoblot
analysis of nuclear fractions of E12.5 LGE and CGE specimens
demonstrated that Sox2 expression was significantly lower in the
Hdh-Q111 than the Hdh-Q18 model (0.083 � 0.01 vs. 0.25 �
0.06, respectively; P � 0.0317). Conversely, at E17.5 Hdh-Q111
embryos exhibited higher Sox2 protein levels (0.27 � 0.02 vs.
0.59 � 0.09 for Hdh-Q18 and Hdh-Q111, respectively; P �
0.0149).

Alterations in Sox2 in the Hdh-Q111 model may suggest
impairments of additional members of the core PP network (e.g.,

Nanog, Oct4). We found that Nanog was expressed at E12.5
within the germinative zones of the striatal anlagen at compa-
rable levels in both models (Fig. 4 A and E). Conversely, at this
time immunoreactivity of Nanog in the Hdh-Q111 mantle was
substantially higher than in the Hdh-Q18 model (arrowheads).
Consistently at E12.5, Nanog transcript expression was signifi-
cantly higher in Hdh-Q111 relative to Hdh-Q18 specimens
(20.14-fold change for Hdh-Q111 relative to -Q18, P � 0.001)
(Fig. 4I). E12.5 immunoblot analysis revealed two discrete
bands, one at approximately 39 kDa, the expected size for
Nanog, and one at approximately 70 kDa (Fig. 4J). The relative
intensity of the band at 39 kDa was significantly lower in
Hdh-Q111 as compared to Hdh-Q18 specimens (Fig. 4K) (P �
0.01), whereas the relative intensity of the band at 70 kDa was
significantly higher in Hdh-Q111, as compared to Hdh-Q18
models (Fig. 4L) (P � 0.008). Nanog is known to undergo
posttranslational phosphorylation (13). As a corollary, phospha-
tase treatment revealed substantial and preferential increase in
the intensity of the 39-kDa Nanog band in the Hdh-Q111, as
compared to the Hdh-Q18 model (16.8-fold vs. 2.5-fold, respec-
tively), resulting in comparable levels of the 39-kDa bands (Fig.
4M), thereby suggesting that in the Hdh-Q111 striatal anlagen
Nanog is differentially phosphorylated. Interestingly, at E17.5 in
both Hdh-Q18 and -Q111 models Nanog was preferentially
phosphorylated, suggesting that Nanog may display developmen-
tal stage-dependent posttranslational modifications. Finally, im-
munolocalization studies between E12.5 and E14.5 revealed that
Nanog is expressed in both models in many Islet1� MSN
precursors (Fig. 4 B and F) and in some DARPP32� MSNs (Fig.
4 C and G, arrowheads and Fig. S5), whereas by E17.5 Nanog
immunostaining was not detected (Fig. S6).

We next quantified protein levels of phosphorylated (active)
forms of Stat3 and Smad1, two essential and interrelated factors
regulating PP gene networks. Consistently, the E12.5 and E17.5
Hdh-Q111 striatal primordia displayed significant higher levels
of nuclear phosphorylated Stat3 than those of Hdh-Q18 embryos
(E12.5: 7.75 � 1.3 vs. 14.03 � 0.7 for Hdh-Q111 and Hdh-Q18,
respectively; P � 0.005; E17.5: 0.29 � 0.05 vs. 0.67 � 0.03 for
Hdh-Q111 and Hdh-Q18, respectively; P � 0.0002) (Fig. S7 A
and C). Conversely, no differences between Hdh-Q18 and -Q111
specimens were detected for nuclear phosphorylated Smad-1 at
E12.5 (0.73 � 0.14 vs. 0.35 � 01 for Hdh-Q18 and Hdh-Q111
respectively; P � 0.063) (Fig. S7B) and at E17.5 (0.38 � 0.07 vs.
0.30 � 0.01 for Hdh-Q18 and Hdh-Q111, respectively; P � 0.289)
(Fig. S7D), although a trend toward lower levels of this protein
were observed in Hdh-Q111 embryos. These findings suggest
that deregulation of core PP factors in Hdh-Q111 developmental
species is associated with corresponding and selective impair-
ments in coregulatory PP-associated signaling pathways.

Discussion
We have identified molecular and cellular alterations in the
developmental program of specification and maturation of
MSNs and in the acquisition of the mature striatal cytoarchi-
tecture in a knock-in model of HD. Our in vivo observations
suggest the presence of defects in cell cycle progression consis-
tent with abnormal phase lengthening or transient phase arrest
in Hdh-Q111 striatal intermediate progenitors. This is supported
by the finding of an overall increase in the number of Ki67� cells
in the E14.5 generative zone without a corresponding increase in
the number of cycling cells in S-phase. Moreover, at this time,
there is a reduction in the number of striatal cells exiting cell
cycle with a corresponding increase in the number of interme-
diate progenitor species. Complementary in vitro studies sup-
port and extend the in vivo findings by demonstrating clonal size
reductions in association with impairments of striatal NSC
lineage restriction and specification of MSN subtypes, further
illustrating the broad developmental consequences of Hdh-
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Fig. 4. Expression profiles of Nanog and Sox2 are deregulated in Hdh-Q111
embryos at E12.5. Nanog displayed comparable expression profiles in LGE
germinative zones of both models (A and E), whereas in the Hdh-Q111 mantle
Nanog expression was substantially increased (arrowheads). Within the man-
tle region, Nanog colocalizes with the MSN markers, Islet1 (B and F, arrow-
heads) and DARPP32 (C and G, arrowheads). Sox2 immunoreactivity in the
E12.5 LGE generative zone was equivalent in both models (D and H), whereas
Sox2 expression (arrowheads) was reduced in the Hdh-Q111 mantle. (Scale
bar, 100 �m (E and H) and 20 �m (G).) QRT-PCR analysis revealed that Nanog
transcript expression was significantly increased in Hdh-Q111 relative to Hdh-
Q18 specimens at E12.5 (I). Bars in I represent the mean � 95%CI of four
independent biological replicas. Immunoblot analysis of Nanog in E12.5 spec-
imens (J) demonstrated a lower relative intensity of the approximately 39-kDa
band (K) and a higher relative intensity of the approximately 70-kDa band (L)
in the Hdh-Q111 compared to Hdh-Q18 specimens, with normalization of the
levels of expression of the 39-kDa band following phosphatase treatment (M).
Bars in K–M represent the mean � SEM. of four independent biological
replicas. *, all P values correspond to �0.05.
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Q111-mediated deregulation of cell cycle parameters. The ab-
normalities of striatal neurogenesis are in contrast to the absence
of consistent neurogenic abnormalities in other areas of the
embryonic forebrain and diencephalon, thereby suggesting a
developmental basis for the enhanced vulnerability of MSNs.

We also observed enhanced Hdh-Q111 NSC self-renewal at
late embryonic stages together with high levels of Sox2, a factor
that mediates NSC self-renewal, multilineage potential, and
neurogenesis (14, 15). Our findings of deregulation of Sox2 in a
HD knock-in model may not only explain the developmental
abnormalities we have uncovered, but may also explain the
impairments in cellular proliferation and neurogenesis reported
during the postnatal period in HD animal models and in
postmortem specimens from HD patients (16–18). Deficiency of
Sox2 has previously been associated with impaired neurogenesis
and neurodegeneration (19). These observations coupled with
our present findings further reinforce the importance of precise
stoichiometric relationships for mediating the developmental
functions of the core PP factors (20).

The spectrum of neural stem and progenitor cell abnormal-
ities identified in concert with deregulation of Sox2 in the
Hdh-Q111 model prompted us to examine additional core PP
factors. Although isolated reports have suggested that these PP
factors (e.g., Oct4) play roles in adult stem cells and in somatic
cancers, it is widely accepted that they display unique roles
before organogenesis (21, 22). However, our observations
suggest that not only Sox2 but also Nanog but not Oct4 (Fig.
S8) exhibit dynamic and combinatorial profiles of expression
in neural stem and progenitor cells within embryonic telen-
cephalic generative zones, where they may be involved in
orchestrating stem cell maintenance and multilineage poten-
tial. Surprisingly, Nanog differentially reappears within im-
mature MSN differentiation zones, frequently colocalizing
with stage-specific MSN markers, suggesting roles in MSN
subtype specification and progressive maturation. Indeed,
genes with recognized functions in MSN neurogenesis repre-
sent downstream targets of these PP factors, including Epha4,
RARs, Foxp1, and Notch1 (23). Thus, Sox2 and Nanog may
regulate multilineage potential and the fidelity of NSC-
mediated differentiation programs in ways that parallel the
regulation of pluripotency and organogenesis by embryonic
stem cells. Because the range of mature neuronal subtypes is
almost as broad as the spectrum of somatic lineages elaborated
following ESC differentiation, the functions of these core PP
genes (e.g., Nanog) may have been exapted during vertebrate
and mammalian nervous system phylogeny to provide a f lex-
ible and dynamic regulatory apparatus to ensure the fidelity of
evolving neuronal subtype identity and connectivity. In this
context, it is conceivable that disruption of components of the
PP network in the HD knock-in model may underlie the
observed alterations in specification and progressive matura-
tion of early born striosome MSN precursors and, in turn,
disrupt the overall developmental program of striatal func-
tional compartmentalization.

The complex compartmentalization of the striatum and the
establishment of intrastriatal functional circuits depend on the
sequential elaboration of MSNs in two asynchronous waves of
striosome/matrix neurogenesis (24). Just as the array of gra-
dient morphogens, growth factors, and other trophic inf lu-
ences present in the extracellular matrix exhibit spatiotempo-
rally distinctive expression profiles, the segregation of MSN
neurogenesis into two waves implies that the molecular path-
ways that sculpt neuronal precursors to their final mature
phenotype are unique for each neurogenic phase (25–27). The
common theme underlying the developmental abnormalities
we observed in the HD knock-in model is deregulation of the
temporal and spatial profiles of striatal neurogenesis. As a
consequence, Hdh-Q111 striatal species may be exposed to

inappropriate molecular cues with the potential to drive them
into aberrant programs of neuronal differentiation and ulti-
mately into dysfunctional mature MSNs. These considerations
presuppose that before the occurrence of HD-mediated stri-
atal cell death, functional abnormalities are present that
ref lect these putative pathological alterations in striatal func-
tion. Indeed, cumulative clinical and neuroimaging evidence is
consistent with this notion (7, 9, 10), and complementary
studies in presymptomatic animal models of HD have also
reported alterations in synaptic plasticity (11, 28). Therefore,
despite the apparent normalization observed after the initial
striatal developmental delay, the early HD-associated aberrant
developmental program likely results in irrevocable changes in
cellular homeostasis and stress responses, including processes
known to lead to neurodegeneration (29). Definitive exami-
nation of the role of these developmental abnormalities in HD
pathogenesis will require substitution of the wild type for the
mutant Htt alleles at sequential stages of MSN neurogenesis to
assess their effects in differentially modifying the progression
of the neurodegenerative phenotype.

Materials and Methods
Animal Model. We used knock-in control (Hdh-Q18) and HD knock-in (Hdh-
Q111) mouse models in which murine Htt gene exon 1 was replaced by the
corresponding human normal and mutant forms, respectively (30). All studies
were conducted with the approval of the Animal Institute of the Albert
Einstein College of Medicine.

Tissue Processing and Immunostaining. Cellular preparations were fixed and
processed for immunocytochemistry, as described in ref. 31. Tissue sections for
immunohistochemistry and samples for electron microscopy were processed
using standard techniques (SI Materials and Methods).

In Vivo BrdU Birth-Dating and Labeling of Cells in S-Phase. IP BrdU pulses were
administered at different embryonic times and brains were subsequently
harvested either at E17.5 or at PND2, as described in ref. 32. For BrdU labeling
of proliferating cells, single IP doses of BrdU (50 mg/kg total) were adminis-
tered to E14.5 pregnant mice followed by embryo harvesting 1 h later.

Neural Cell Clonal Assays. The clonal assay was performed with specific
modifications (SI Materials and Methods) of the procedure described else-
where (33).

Subcellular Fractionation and Protein Immunoblot Analysis. Nuclear and cyto-
plasmic extracts from embryonic day (E), 12.5 lateral (LGE), and caudal (CGE)
ganglionic eminences and E17.5 striatal primordia (four biological replicas/
strain/embryonic stage) were isolated and further processed for immunoblot-
ting, as described in ref. 34. Primary antibodies were used at specific dilutions
(SI Materials and Methods). Protein dephosphorylation was performed by
incubating 25 �g of nuclear fractions with 20 U of calf intestinal alkaline
phosphatase (Invitrogen) for 15 min. For quantification, band intensity was
measured using Kodak 1D 3.6 software and normalized to the corresponding
levels of Lamin B1.

Quantitative Real-Time PCR Analysis. RNA from the striatal anlagen was
extracted from four separate litters, each composed of 10–14 embryos and
further processed for cDNA synthesis using standard techniques. QRT-PCR was
performed with TaqMan chemistry (Applied Biosystems) (SI Materials and
Methods).

Statistical Analysis. Comparison of proportions was evaluated by Fisher exact
test while mean values by Mann–Whitney U test or the t test depending on
whether the data described or did not represent a Gaussian distribution.
Unless otherwise indicated, the statistical differences between the Hdh-Q18
and Hdh-Q111 samples were assigned using a probability of at least �0.05.
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